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Summary
Objective: The objective of this study was to measure the effects of dynamic compression on single chondrocyte gene expression using a sin-
gle cell approach, combining single cell biomechanics with single cell gene expression.
Design: Articular chondrocytes from the middle and deep zones of bovine distal metatarsal cartilage were statically or dynamically com-
pressed (at a frequency of approximately 1 Hz) using a custom creep cytocompression apparatus, and their gene expression levels for
type II collagen, aggrecan, tissue inhibitor of metalloproteinase-1, and matrix metalloproteinase-1 were subsequently measured using single
cell real-time reverse transcriptase-polymerase chain reaction.
Results: Single chondrocyte gene expression was lognormally distributed, suggesting that studies of populations of cells may be biased by
a minority of cells with very high levels of gene expression, and would not accurately describe the behavior of most chondrocytes. Chondro-
cytes exposed to dynamic loading did, in general, have higher levels of type II collagen and aggrecan gene expression than statically loaded
cells. Speciﬁcally, compressive forces of 50 and 100 nN suppressed type II collagen expression when applied statically, but the equivalent
dynamic loads increased expression to control levels. Tissue inhibitor of metalloproteinase-1 was not affected by the mechanical loading reg-
imens examined.
Conclusions: We have demonstrated that a single cell approach is a viable methodology for studying the responses of cells to mechanical
forces. Furthermore, examining the effects of mechanical loading on a cell-by-cell basis allows us to capture behaviors and details that would
otherwise elude studies performed on a larger scale.
ª 2006 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Cartilage
Repair
SocietyIntroduction
The interplay between mechanical forces and the health,
function, and degeneration of articular cartilage is
well-documented. Articular cartilage is a mechanically
robust tissue that ensures near frictionless joint movement,
distributes loads, and resists compression. Mechanical
forces are part of the everyday environment experienced
by cartilage; as a result, some level of mechanical forces
is tolerable or even beneﬁcial to chondrocytes. At the
same time, mechanical forces can also contribute to the
etiopathogenesis of osteoarthritis. Previous work has dem-
onstrated that chondrocytes are highly mechanosensitive
and respond to a variety of stimuli, including compression,
tension, direct shear, ﬂuid ﬂow, and hydrostatic pres-
sure1e6. Given the complexity of the in vivo loading environ-
ment in articular cartilage, it is likely that all of these forces
play an important role in chondrocyte mechanotransduc-
tion. Of particular interest is direct compression, which
has been shown to have strong positive and negative
effects on cartilage explants and chondrocytes, depending
on the magnitude and loading regimen employed4,7e12.
Previous work in cartilage explants has demonstrated
that static compression leads to decreased sulfate and
proline incorporation4,7,9. Type II collagen and aggrecan
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Received 3 May 2006; revision accepted 27 August 2006.3gene expression increase transiently, but decrease when
exposed to longer durations of static compression7. In con-
trast, dynamic compression of cartilage explants stimulates
sulfate and proline incorporation4,8, while chondrocytes em-
bedded in hydrogels produce more matrix and form robust
constructs when cyclically compressed10e12.
In tissues, explants, and three-dimensional (3-D) cell con-
structs, there are a multitude of possible stimuli generated
by compression and experienced at the cellular level.
These include hydrostatic pressurization, ﬂuid ﬂow second-
ary to deformation, streaming potentials, osmotic forces,
and changes in the availability and transport of bioactive
molecules13. As a result, it is difﬁcult to uncouple the pri-
mary effects of compression on chondrocytes from the
many ancillary phenomena that occur. To effectively study
the direct effects of compression on chondrocyte behavior,
novel testing paradigms are necessary. We have previously
described a single cell approach14,15, where single cells
would be individually exposed to a mechanical stimulus,
and the resulting cellular response would be quantiﬁed us-
ing single cell reverse transcriptase-polymerase chain reac-
tion (RT-PCR). This approach would allow for the study of
compression alone, without the secondary effects that
occur when tissues or cellular constructs are deformed.
A single cell approach would also eliminate the location-
dependent variations in the mechanical environment that
occur when articular cartilage is compressed16e18.
To properly implement a single cell approach, a more ba-
sic understanding of single chondrocyte gene expression is
crucial. Despite the fact that chondrocytes from a given
zone are believed to be a homogeneous cell population,28
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observed in other similarly uniform cell populations19,20.
Furthermore, there is evidence that gene expression in cells
is highly variable and not normally distributed, as is typically
presumed21. Elucidating whether single chondrocytes
exhibit such heterogeneity is an important component to
successfully executing a single cell approach for studying
cartilage mechanobiology.
The objectives of this study were to ﬁrst quantify the
variability and population distribution of gene expression in
single chondrocytes, and then subsequently use this infor-
mation, in conjunction with a single cell approach, to mea-
sure the short-term effects of dynamic compression on
single chondrocytes. To accomplish this, single chondro-
cytes were exposed to different load magnitudes and dy-
namic loading regimens. The cells’ gene expression levels
for type II collagen (Col2a1), aggrecan (Agc), tissue inhibitor
of metalloproteinase-1 (Timp1), matrix metalloproteinase-1
(Mmp1), and glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) were quantiﬁed using single cell real-time
RT-PCR. The hypothesis for this study was that dynamic
compression would increase single cell expression of
Col2a1, Agc, and Timp1, while decreasing mRNA levels of
Mmp1, in comparison to statically compressed cells.
Method
CELL HARVESTING
Articular chondrocytes were isolated from the distal meta-
tarsals of 12e24-month-old heifers and steers obtained
from local suppliers (Animal Technologies, Tyler, TX; Dor-
eck and Sons Packing Company, Santa Fe, TX; Going’s
Custom Meat Processing, Baytown, TX; Kasper’s Meat
Market, Weimar, TX). Twelve joints from 11 animals were
used. Zonal abrasion was used to remove the superﬁcial
zone, as previously described22. The remaining middle
and deep zone cartilages were harvested and digested
overnight at 37C and 10% CO2 using 0.2% (w/v) collage-
nase (Worthington Biochemical, Lakewood, NJ) dissolved
in supplemented Dulbecco’s Modiﬁed Eagle Medium
(DMEM) containing 10% fetal bovine serum 100 U/ml
penicillin/streptomycin, 0.25 mg/ml fungizone, and 0.1 mM
non-essential amino acids.
CELL SEEDING
Isolated cells were resuspended in supplemented DMEM
and seeded inside a silicone isolator placed in a tissue cul-
ture dish at an areal density of 2.5e3.5 104 cells/cm2. The
cells were allowed to attach for 18 h at 37C and 10% CO2.
The silicone isolator was removed and additional medium
was added after 3 h of incubation to prevent evaporative ef-
fects. Previous work has shown that bovine chondrocytes
seeded in this fashion retain their characteristic round mor-
phology despite monolayer culture, with an average diame-
ter and height of 12.2 and 8.8 mm, respectively23.
STATIC AND DYNAMIC COMPRESSION
Static and dynamic compression of single chondrocytes
was performed using a creep cytocompression appara-
tus24,25. Static compression of single cells consisted of
a step load of 25, 50, or 100 nN applied for 30 s. Dynamic
compression consisted of 30 cycles with peak loads of 50
or 100 nN, applied at a frequency at or near 1 Hz.Chondrocytes were also subjected to a 1 s one5 s off cyclic
loading regimen for a total of seven cycles, with peak loads
of 25, 50, or 100 nN, hereafter referred to as ‘‘intermittent
loading’’. This regimen was selected based upon our prior
experience that chondrocytes exposed to compressive
strains greater than 25% require on the order of 5 s to re-
cover26. Loads of 25, 50, and 100 nN correspond to approx-
imately 15e20%, 35e40%, and 50e60% cellular strain,
respectively, though these values vary with the material
properties of each individual cell. The relationship between
load and cellular strain was based upon prior studies in
our laboratory23e25.
SINGLE CELL ISOLATION
After compression, cells were placed in the incubator at
37C and 10% CO2 for 1 h. After the incubation period, sin-
gle cells were aspirated into glassmicropipettes using a Cell-
Tram Vario hydraulic microaspirator (Brinkmann, Westbury,
NY), and subsequently ejected into microtubes containing
100 ml of lysis buffer with b-mercaptoethanol. The solution
was brieﬂy vortexed to ensure complete cell lysis.
RNA ISOLATION AND REVERSE TRANSCRIPTION (RT)
Total RNA from single cells was isolated using Absolutely
RNA Nanoprep kits (Stratagene, La Jolla, CA). Brieﬂy, the
crude cell lysate was bound to a glass ﬁber ﬁlter and sub-
jected to repeated washes with various salt solutions. A DN-
ase I digestion step was also performed directly on the ﬁlter
to remove genomic DNA. Puriﬁed total RNA was eluted into
a ﬁnal volume of 10 ml. RT was performed using the Super-
Script III First-Strand Synthesis System (Invitrogen, Carls-
bad, CA). Brieﬂy, the entire volume of single cell total RNA
was used in the RT reaction, along with 1.25 ng/ml random
hexamers, 1.25 mM oligo(dT)20, 0.5 mM dNTPs, 5 mM
MgCl2, 10 mM dithiothreitol, 2 U/ml ribonuclease inhibitor,
and 10 U/ml SuperScript III reverse transcriptase. The reac-
tion was incubated at 25C for 10 min, 50C for 50 min and
terminated at 85C for 5 min. Afterwards, an RNase H diges-
tion step was performed at 37C for 20 min to remove the
RNA template and improve the sensitivity of subsequent
polymerase chain reactions (PCRs).
REAL-TIME PCR
All oligonucleotides were designed using Primer3 and
based upon available bovine mRNA and genomic DNA
sequences in GenBank (Table I)27. Oligonucleotides were
designed to yield amplicons of 70e100 bp with limited sec-
ondary structure. The forward primer for each gene was
designed to span an exoneexon boundary, to prevent ampli-
ﬁcation of genomic DNA. All oligonucleotides were analyzed
using Basic Local Alignment Search Tool to ensure that they
were speciﬁc for the gene of interest. Oligonucleotide
concentrations were then rigorously optimized for use in
single cells and in multiplex reactions. Four genes of interest
were examined:Col2a1, Agc, Timp1, andMmp1. In addition,
Gapdh was tested as a potential housekeeping gene. Veriﬁ-
cation that Gapdh was a suitable housekeeping gene was
performed in parallel with the described studies. Triplex
reactions for Col2a1/Agc/Gapdh and Timp1/Mmp1/Gapdh
were used throughout this study. Brieﬂy, 3 ml of cDNA
derived from the RT reaction was combined with 5 mM
Mg2þ, 0.2 mM deoxynucleotides, 0.025 U/ml HotStarTaq
DNA polymerase (Qiagen, Valencia, CA), and gene-speciﬁc
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search Technologies, Novato, CA; Eurogentec North Amer-
ica, San Diego, CA) for a total reaction volume of 20 ml. The
ﬂuorescent dyes carboxy-ﬂuorescein Cy5 (or Quasar 670),
and carboxy-X-rhodamine (or CAL Fluor Red 610) were
used for the multiplex PCRs. A Rotor-Gene 3000 real-time
platform (Corbett Research, Sydney, Australia) was used
to perform all real-time PCR trials.
DATA ANALYSIS
A relative abundance value was calculated for each gene
measured in each cell28. Brieﬂy, the abundance, A, was cal-
culated using the equation:
A¼ ð1þEÞCT
where E is the calculated ampliﬁcation efﬁciency of the tar-
get gene and CT is the takeoff cycle for that gene, deter-
mined using a second derivative method. To determine
Table I
List of oligonucleotides used for real-time PCR. All oligonucleotides
were designed using bovine-specific sequences
Target gene
Accession number
Product size
Forward primer sequence
Reverse primer sequence
Probe sequence
Gapdh ACCCTCAAGATTGTCAGCAA
U85042 ACGATGCCAAAGTGGTCA
86 bp CCTCCTGCACCACCAACTGCTT
Col2a1 AACGGTGGCTTCCACTTC
X02420 GCAGGAAGGTCATCTGGA
76 bp ATGACAACCTGGCTCCCAACACC
Agc GCTACCCTGACCCTTCATC
U76615 AAGCTTTCTGGGATGTCCAC
76 bp TGACGCCATCTGCTACACAGGTGA
Timp1 GAGATCAAGATGACTAAGATGTTCAA
NM_174471 GGTGTAGATGAACCGGATG
75 bp AGGGTTCAGTGCCTTGAGGGATG
Mmp1 CAAATGCTGGAGGTATGATGA
X58256 AATTCCGGGAAAGTCTTCTG
82 bp TCCATGGATGCAGGTTATCCCAAAthe relative abundance, R, for the target gene in a given
cell, the abundance of the target gene was normalized to
the abundance of Gapdh in that cell.
STATISTICAL ANALYSIS
All results are presented as a mean s.d. Two-factor
analysis of variance (ANOVA) was performed to determine
if differences existed amongst treatment groups, with signif-
icance deﬁned as P< 0.05. Mechanical loading regimen
and trial number were the two factors, where trial number
was used as a blocking factor. If a signiﬁcant effect was
identiﬁed for the mechanical loading regimen factor,
Tukey’s Honestly Signiﬁcant Difference (HSD) test was em-
ployed for post-hoc multiple comparisons. To test whether
the gene expression levels of single chondrocytes followed
a normal distribution, data were examined using the Shapir-
oeWilkW test for normality, where P< 0.05 indicated a sig-
niﬁcant departure from normality. All statistical analyses
were performed in JMP IN 5.1 (SAS Institute, Cary, NC).
Results
Measurable levels of at least one gene were detected in
258 of 263 cells tested (98%). Of these, 87% expressed
Gapdh, 85% expressed Col2a1, 41% expressed Agc,
60% expressed Timp1, and 5% expressed Mmp1 at detect-
able levels. Furthermore, Gapdh expression did not depend
on the mechanical loading regimen (P¼ 0.36), so it was
deemed a suitable housekeeping gene for use throughout
this study. Since Gapdh was used as a housekeeping
gene, only those cells that expressed Gapdh were included
in the data sets.
DISTRIBUTION OF SINGLE CELL GENE EXPRESSION
Motivated by prior work studying gene expression of sin-
gle pancreatic islet cells21, we examined the distribution of
gene expression levels in our chondrocyte population. For
Gapdh, the distribution of gene expression among all single
cells was decidedly non-normal, with the ShapiroeWilk
W test returning P< 0.0001 [Fig. 1(A)]. The gene expressionFig. 1. (A) Histogram of the untransformed abundance values for Gapdh. Note that the majority of cells are clustered to the left. (B) Histogram
of the log-transformed abundance values of Gapdh, with an accompanying curve ﬁt for a normal distribution. Since the transformed values are
normally distributed, Gapdh expression is actually lognormally distributed.
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mality (P< 0.0001 for all three genes). To test whether
gene expression in single chondrocytes exhibited a lognor-
mal distribution, the data were logarithmically transformed.
The resulting transformed distribution was normal, accord-
ing to the ShapiroeWilk test (P¼ 0.38) [Fig. 1(B)]. By
deﬁnition, a random variable X is lognormal if log(X ) is
normal. Control cells also exhibited lognormal distributions
for gene expression levels of Col2a1 (P¼ 0.34), Agc
(P¼ 0.43), and Timp1 (P¼ 0.16). Based upon this result,
all subsequent statistical analyses were performed using
the log-transformed data, so as not to violate the assumption
of normality required for ANOVA. Some cells exhibited un-
detectable levels of gene expression for one or more of
the target genes, resulting in R¼ 0. In most cases, this
was not due to lack of cDNA, since other genes were de-
tected. In these cases, a method was introduced to include
these data in the logarithmic transformation. Since one can-
not take the logarithm of a non-positive number, the relative
abundance of genes in cells where R¼ 0 was instead arbi-
trarily set at a value one order of magnitude lower than the
lowest relative abundance for that gene found across all
samples. Since relative abundances were used, only cells
that expressed Gapdh were logarithmically transformed.
TYPE II COLLAGEN
Mechanical loading regimen had a statistically signiﬁcant
effect on Col2a1 gene expression (P< 0.0001). Using Tu-
key’s HSD for multiple comparisons, cells exposed to 50
and 100 nN of static loading (1291-fold and 24-fold de-
creases, respectively), as well as 50 nN of dynamic loading
(122-fold decrease), demonstrated signiﬁcantly lower levels
of Col2a1 mRNA compared to unloaded control cells
(P< 0.05) (Fig. 2). Both 25 nN static and intermittent loadgroups had signiﬁcantly higher expression than the 50 nN
dynamically loaded group (53-fold and 23-fold increases, re-
spectively) (P< 0.05). All other groups showed no signiﬁ-
cant differences from control or other experimental groups.
AGGRECAN
Mechanical loading regimen also had a signiﬁcant effect
on Agc gene expression (P¼ 0.0006). Cells exposed to
100 nN static loading or 50 nN dynamic loading had signif-
icantly lower levels of Agc gene expression than controls
(4.5-fold and 41-fold decreases, respectively) (P< 0.05)
(Fig. 3). All other groups showed no signiﬁcant differences
from control or other experimental groups.
Timp1 AND Mmp1
Timp1 did not vary as a function of the mechanical load-
ing regimen (P¼ 0.65). Since so few cells expressed
Mmp1, no conclusions regarding the relationship between
Mmp1 gene expression and mechanical loading could be
drawn.
Discussion
The current study represents a new approach to examin-
ing the role of mechanical forces in regulating the biological
responses of cells. Single chondrocytes were subjected to
different mechanical loading regimens using an apparatus
designed for single cell compressive testing, and the levels
of gene expression for ﬁve genes were quantiﬁed using
single cell real-time RT-PCR. The gene expression levels
of Col2a1, Agc, Timp1, and Gapdh were found to be log-
normally distributed. These data raise signiﬁcant questionsFig. 2. Graph of the means of log-transformed relative abundances of Col2a1 for mechanically stimulated single chondrocytes. Bars that do
not share at least one letter in common are statistically signiﬁcantly different (P< 0.05). Static compression of 100 and 50 nN signiﬁcantly
decreased gene expression compared to controls, while dynamic compression at those levels approached or returned to control levels. Com-
pressive forces of 25 nN did not change relative to controls. Sample sizes: n¼ 74 (control); n¼ 36 (static, 100 nN); n¼ 9e15 (all other treat-
ment groups).
332 A. C. Shieh and K. A. Athanasiou: Dynamic compression of single cellsFig. 3. Graph of the means of log-transformed relative abundances of Agc for mechanically stimulated single chondrocytes. Bars that do not
share at least one letter in common are statistically signiﬁcantly different (P< 0.05). Static loads of 100 nN and dynamic loading at 50 nN sig-
niﬁcantly reduced Agc gene expression. Note that the bars for the 100 nN intermittent and 50 nN dynamic groups do not have error bars; all
cells in these groups showed no detectable Agc gene expression, and were given an arbitrary value of 3, which was one order of magnitude
beyond the detection limit of the assay. Sample sizes: n¼ 87 (control); n¼ 36 (static, 100 nN); n¼ 11e15 (all other groups).regarding how results based upon populations of chondro-
cytes should be interpreted. When mRNA levels are quanti-
ﬁed in whole tissue or populations of cells, the measurement
could be biased by a handful of cells with very high levels of
expression for that particular gene [Fig. 1(A)]. As a result, it
may not be possible to relate expression levels at the single
cell level to those observed in groups of cells. This has
far-reaching implications, as changes in gene expression
observed in tissues or populations of cells due to external
stimuli, mechanical or otherwise, may be the consequence
of a small minority of highly responsive or active cells, rather
than representing a population-wide shift in transcription. In
some cases, a subpopulation of cells may be reacting to
a stimulus, but themajority of cells do not, resulting in amuted
or even undetectable population response. This would mean
that studies of populations of chondrocytes are not accu-
rately capturing the behavior of many cells. Furthermore, it
may be possible to identify and select for cells that are hy-
per-responsive to certain stimuli. This subpopulation of cells
could then be expanded and used in therapeutic applica-
tions, such as cell transplantation or tissue engineering strat-
egies. Thus, a single cell approach may be indicated
by these results, as only by examining individual cells and
their responses to stimuli can such trends and behaviors
be observed.
Several signiﬁcant trends in Col2a1 and Agc gene ex-
pression appeared when single cells were subjected to
compression. For Col2a1, static loading at 100 and 50 nN,
as well as 50 nN dynamic loading, caused signiﬁcant de-
creases in gene expression relative to control cells of one
and three orders of magnitude, respectively, while static
loading at 25 nN did not decrease levels of Col2a1 mRNA
compared to control (Fig. 2). Dynamic and intermittent load-
ing at 100 nN, and intermittent loading at 50 nN, did not ex-
hibit the detrimental effects of static loading, with geneexpression levels similar to controls (Fig. 2). For Agc, the
only loading regimens that decreased gene expression
were 100 nN static loading and 50 nN dynamic loading
(Fig. 3). Thus, the highest level of static loading and inter-
mediate dynamic loading showed detrimental effects, but
overall aggrecan was relatively insensitive to compression.
Notably, signiﬁcant changes in gene expression were de-
tected after only 30 s of stimulation. Most prior work with
chondrocytes and cartilage has focused on mechanical
stimuli applied for hours at a time, and often over the course
of days4,7e9. Recent research, however, suggests that even
a single cycle of dynamic compression can elicit a distinct
and persistent cellular response29. This raises the intriguing
prospect that robust and persistent changes in gene ex-
pression can occur after a short loading event.
An important beneﬁt of compressing single cells vs ex-
plants or cells seeded in hydrogels or scaffolds is that it is
possible to uncouple the effects of direct deformational load-
ing from compression-induced ﬂuid ﬂow, transport phenom-
ena, osmotic effects, and location-dependent variations in
stress and strain. In explants and some 3-D cell constructs,
the stresses and strains experienced by each cell can de-
pend on its location within the matrix16e18. Furthermore, de-
pending on the matrix used, 3-D cell construct studies have
yielded varying results11,30,31. Location-dependent loading
and secondary physicochemical phenomena can potentially
confound attempts to elucidate the actual effects of direct
compression on chondrocytes and cartilage. Thus, using
a single approach may allow researchers to directly study
the cause and effect relationships between mechanical
stress and cell behavior.
Nevertheless, the single cell approach does have signiﬁ-
cant limitations, and the most evident is that chondrocytes
are removed from their native environment. The change
from 3-D to two-dimensional culture and the lack of
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drocyte mechanotransduction. Future single cell studies
must account for the signiﬁcant effects of cellematrix inter-
actions and a 3-D environment, e.g., by using matrix pro-
teins as substrates, or using single chondrons in place of
cells. Another important limitation is the reliance on gene
expression data taken at a single time point. Real-time
RT-PCR was employed in this study because it is an estab-
lished technique that is well suited for measuring gene
expression in single cells20,21,32e36. However, the measure-
ments taken in this study only represent a snapshot of cel-
lular activity. It would be more powerful to track changes in
gene expression over time, and to ultimately determine if
these temporal changes resulted in altered protein synthe-
sis. Since RT-PCR is a destructive assay that does not
allow for tracking of gene responses in the same cell over
a period of time, other techniques would have to be incorpo-
rated into the single cell approach. One possibility would be
to use a promoter-linked green ﬂuorescent protein reporter
system that would allow researchers to track changes in
gene expression temporally and non-destructive in the
same cell37,38. Use of a reporter gene could also address
the issue of inter-cellular variability, by normalizing the
responses of a given cell to its baseline activity.
In conclusion, we have demonstrated the feasibility of in-
vestigating the effects of mechanical stimulation in single
chondrocytes. Single cell gene expression measurements
revealed that mRNA levels for Col2a1, Agc, Timp1, and
Gapdh are lognormally distributed. High magnitude static
loads induced signiﬁcant decreases in Col2a1 and Agc,
while dynamic loads were generally comparable to un-
loaded controls, even at the highest levels of compression.
Variability in gene expression was high among chondro-
cytes, further dispelling the notion that chondrocytes repre-
sent a highly homogenous cell population. These results lay
the foundation for future studies of cartilage mechanobiol-
ogy at the single cell level.
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